An association between ambient air pollution and reduced cardiac autonomic function assessed by heart rate variability (HRV) mainly in elderly persons has been suggested by a number of epidemiological studies, but the link between the HRV and pulmonary function in humans remains unknown although such air pollution should primarily affect pulmonary function. To clarify this link, pulmonary ventilation parameters such as oxygen uptake (V
An association between ambient air pollution and heart disease such as myocardial infarction or reduced heart rate variability (HRV), a marker of poor cardiac autonomic function, has been suggested by a number of epidemiological studies (3-5, 7, 14-16, 23, 24, 26, 35) . Especially, most of the cited literature reported that the reduced HRV has been connected with acute exposure to toxicants in air pollution such as fine particulate matter (especially, < 2.5 μm in aerodynamic diameter, PM 2.5 ), sulphur dioxide (SO 2 ), carbon monoxide, and ozone; whereas, Sullivan and coworkers (29) failed to find any significant relation of HRV parameters to increased residence levels of PM 2.5 in elderly individuals. Hypothetical mechanisms for this association include 1) effects on the autonomic nervous system through direct reflexes from airways or through inflammatory response, 2) chemical effects on ion channel function in myocardial cells, 3) ischemic response in the myocardium, and 4) inflammatory responses that trigger endothelial dysfunction, atherosclerosis, and thrombosis (33) . Nevertheless such air pollution should primarily affect pulmonary function, a link between the HRV parameters and pulmonary function does not always seem to be evident in healthy subjects or patients with cardiovascular disease.
Short-term variations in heart rate are seen at all ly. According to their self-report, there were no women either suffering from any obvious disease such as lung or cardiovascular disease or diabetes mellitus, or taking any medication. The study was carried out with their written informed consent and approval of the ethical review committee at the Akita University School of Medicine. Pulmonary ventilation function and HRV were measured by a trained examiner, in the health care center of the college, with use of the Portable Expired Gas Analyzer AT-1100 (Anima Co., Tokyo) and the Pocket-ECG WEC-7101 (Nihon Kohden Co., Tokyo) connected to an analog-to-digital converter (sampling time, 1 msec) and a computer. The room temperature was kept between 18°C and 25°C, and the environment was kept quiet. The height and body weight of each subject were measured to calculate body mass index (BMI) before conducting these physiological tests. These tests were conducted between 07 : 30 and 08 : 30 on weekdays after an overnight fast of 12 h.
After each subject remained comfortably in the supine position for 5 min, 300 R-R intervals on electrocardiogram (ECG) were measured in real time and stored on a hard disc, and consecutive 100 R-R intervals with the minimal standard deviation (S.D.) were automatically extracted from the obtained data to reduce measurement error (8, 11, 18, 21, 25) . The CV RR (%) was defined as the ratio of the S.D. of the R-R intervals to the average value (RR mean , msec). The power spectrum of R-R intervals was computed by autoregressive spectral analysis according to the Akaike information criteria (1) . The spectrum of each of two components, i.e., the high frequency (HF) component at the center frequency of 0.15-0.4 Hz and low frequency (LF) component at 0.01-0.15 Hz, was separated by component analysis. Each component coefficient of variation (i.e., CCV HF and CCV LF ) was defined as the ratio of the square root of each component power spectral density (PSD k , msec 2 ) to the RR mean : CCV k (%) = 100 × (PSD k ) 1/2 /RR mean , where k = HF or LF. Since parasympathetic blockade with atropine abolishes the HF component but β-sympathetic blockade has no effect, the PSD HF and CCV HF reflect the parasympathetic activity (22, 31) . In addition, the LF component is considered to be derived from the fluctuation in the vasomotor activity through the baroreflex mechanism and to show a β-adrenergically mediated increase in the standing posture. Therefore, the PSD LF and CCV LF are thought to reflect mainly the sympathetic activities, and the LF/HF ratio (i.e., PSD LF /PSD HF ) represents a sympathovagal ages and are an important sign of normal homeostatic mechanisms of the cardiovascular system (6) . Especially, HRV with frequency-domain analysis has emerged as noninvasive method to assess cardiac autonomic activities quantitatively and is useful for the risk assessment of environmental neurotoxicants (8, 19) . Apart from the HRV, spirometry has been employed as a standard technique of assessing lung function (2) . However, parameters of the spirometry that needs vigorous respiratory efforts may not always have close relations to cardiac autonomic function, inasmuch as they generally exhibit dynamic pulmonary functions, e.g. due to aging or chronic pulmonary disease, but not acute pulmonary effects of environmental factors. In fact, though the adverse effect of air pollution on lung function such as forced expiratory volume in 1 sec has been observed in some reports (12, 13, 28, 32) , most of them were chronic features. Rather, resting pulmonary gas exchange function seems to be interactive because the route from respiratory movements to cardiovascular center through the intermediary of gas exchange and chemoreceptor reflex exists in the cardiovascular control mechanisms responsible for the main periodic fluctuations in heart rate (9, 34) . For that reason, we used an expired gas analyzer, in addition to the HRV for healthy subjects, to examine an interaction between cardiac autonomic function and resting pulmonary ventilation function including oxygen uptake (V 
MATERIALS AND METHODS
The nature of the procedures used in this study was explained to college students in Akita, northern Japan, and the volunteers were invited to participate in our study. In total, 66 women aged 19-20 years (mean 19.7 years) were enrolled in this study (participation rate, 51%). They were born in Akita Prefecture, where there are about 1,140,000 populations. Also, the year-mean levels of suspended particulate matter (≤ 10 μm in aerodynamic diameter) at eleven spots of Akita City in 2005, reported by the Akita City Environment Sector, ranged from 14 to 24 μg/ m 3 , which were considerably lower than those in Tokyo (25-42 μg/m 3 ); similarly, the year-mean levels at six spots of the same city were between 0.000 and 0.005 ppm for SO 2 and between 0.004 and 0.013 ppm for nitrogen dioxide. Although some of the subjects had a part-time job such as waitress or cashier at the convenience store, they did not seem to have been exposed to air pollution occupational-eters and among HRV parameters in the 66 women are shown in Tables 2 and 3, respectively. In using the Pearson product-moment correlation coefficient, the CCV LF and log-transformed PSD LF were positively correlated with the VT, FETCO 2 , and V 4 CO 2 /V 4 O 2 among the 66 women (Table 4) . Similarly, the CCV HF and log-transformed PSD HF were positively correlated with the FETCO 2 and V
These results were almost similar to those when using the partial correlation coefficients after adjusting for age, BMI, and smoking habit (Table 4) . Given the multiple significance test (17) , the correlations between the VT and the CCV LF , between the FETCO 2 and both the CV RR and CCV HF , and between the V 4 CO 2 /V 4 O 2 and both the CV RR and log-transformed PSD HF remained statistically significant (P < 0.05). 
DISCUSSION
The CV RR , a comprehensive marker of cardiac autonomic function, seems to reflect the parasympathetic activity rather than the sympathetic one as shown in Table 3 , though the two parameters (i.e., CCV HF and CCV LF ) in principle contribute to the CV RR (18) . In this sense, the parasympathetic activity of the HRV had positively close relation to the FETCO 2 under physiological conditions in healthy women occupationally unexposed to air pollution (Table 4 ). This finding is physiologically reasonable and can be explained as follows: The increased end-tidal CO 2 concentration is transmitted to the arterial and central chemoreceptors and the respiratory modulation of the cardiac autonomic nervous system is activated through the chemoreceptor reflex (9) . On the contrary, the reduced end-tidal CO 2 concentration due to a certain environmental factor may lower the CV RR and CCV HF .
The sympathetic activity of the HRV (i.e., CCV LF ) showed a positive correlation with resting tidal volume in this study. Normally, tidal volume becomes considerably larger during heavy exercise than at rest (9) , presumably implying that the cardiac sympathetic drive is activated during the exercise. Our finding suggested that such an interaction between tidal volume and cardiac sympathetic activity could exist even at rest. During normal levels of tidal breathing, on the other hand, most of the respiratory phase influence on muscle sympathetic outflow in normal conscious subjects has been considered to be independent of baroreceptor-sensed fluctuations in balance.
Pulmonary ventilation function was examined according to the measurement procedure of basal metabolic rate. At first, the mask, designed to fit comfortably without any air leakage, was fixed on the subject's mouth. After resting for at least 10 min in the sitting position, this test was conducted using the above expired gas analyzer that employed a newly developed ultrasound flow meter, together with galvanic cell type oxygen sensor and infrared carbon dioxide sensor, covering a wide range of flow rate and enabled measurements of V 4 O 2 and V 4 CO 2 in breath. The expired gas analyzer was calibrated with gas mixtures of known O 2 and CO 2 concentrations before testing. Analog output channels were continuously displayed on screen, and digitally acquired onto a notebook computer at 100 Hz sampling frequency. The detailed validity and compatibility of the device have been presented in another report (30) . Average values of pulmonary ventilation parameters calculated from 8-min data for each subject, during subsequent off-line analysis, were as follows: respiratory frequency (RF, cycles/min), breath-by-breath tidal volume (VT, L), V Since the PSD LF and PSD HF of the HRV were highly skewed to the left, these were transformed into common logarithmic values in the following analysis. To examine the relationships between the HRV and pulmonary ventilation parameters, the simple and partial correlation coefficients (r) were calculated, using the age, BMI and smoking habit as possible confounders. Smoking habit was scored as "non-smoker" = 0 and "smoker" = 1. All analyses with two-sided P values were performed with the Statistical Package for the Biosciences (20) .
RESULTS
There were no subjects with either abnormal beats or ventricular extrasystoles on ECG, and no subject took medication or caffeine-containing products on the morning of the examination. Table 1 presents the basal characteristics, pulmonary ventilation parameters, and HRV parameters in 66 women. Although eighteen of them had drinking habit, it was not significantly related to either pulmonary ventilation or HRV parameters (P > 0.05, data not shown). Correlation matrices among pulmonary ventilation param-women (Table 4 and Fig. 1 ). The gas exchange ratio (V O 2 in our subjects was 0.77 (Table 1), although well-nourished subjects on a typical Western diet had a resting RQ of approximately 0.85, reflecting the mixture of fats and carbohydrates being metabolized (9) . This difference thus may have intrathoracic or intravascular pressures and of lung inflation-stimulated vagal afferent activity (27) . Further study is needed to better understand the role of cardiac sympathetic function in the cardiorespiratory network at rest.
The resting V 4 CO 2 /V 4 O 2 was significantly related to the CV RR and log-transformed PSD HF in the healthy Table 1. depended on consumed food. Also, the V 4 CO 2 /V 4 O 2 , measured at the lungs (i.e., pulmonary gas exchange ratio, PRQ), does not correspond with the above RQ exactly (9): At first, PRQ becomes less than RQ when subjects hypoventilate and retain CO 2 in the body stores; secondly, when subjects hyperventilate and wash CO 2 out of the body stores, PRQ exceeds RQ; thirdly, PRQ exceeds RQ consequent to the additional CO 2 when tissue bicarbonate concentration is decreasing during an acute metabolic acidosis. (Table 2) , it would be difficult to think that the V serve internal consistency (Tables 2 and 3) ; whereas, the mean V
CO 2 , and VT in our subjects (Table 1) were somewhat lower than typical values of respiratory and gas transport quantities at rest (9), which would have been due to difference of attributes such as age and sex between two study populations. Of course, the environment of these tests was kept constant. In addition, smoking habit and BMI, affecting lung function, were used as confounders in the process of data analysis. Thus, it is suggested that our findings were not heavily influenced by measurement error or confounding bias.
In conclusion, evidence was provided regarding the interaction between cardiac parasympathetic function and pulmonary ventilation function involved in the end-tidal CO 2 concentration under physiological conditions in humans. Nowadays, special attention is directed to the pathophysiology of heart disease and reduced HRV resulting from ambient air pollution (36) . In this sense, our finding on the cardiorespiratory network may be useful for explaining the pathophysiology concerning the influence of air pollution such as PM 2.5 on cardiovascular function. Further study with an expired gas analyzer is necessary to investigate a link between lung and heart functions in many elderly subjects or subjects exposed to PM 2.5 .
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subject. This implication awaits further nutritional research with the HRV.
In the present study, no significant association between respiratory frequency and any HRV parameters was found in stationary conditions among the healthy women (Table 3) , although Hirsch and Bishop (10) reported that the PSD HF decreased with increasing breathing frequency when it exceeded 6 cycles per minute. This disagreement would be attributable to the different study design, that is, observational data at rest in a population and timedomain experimental data in some subjects. In the latter, each subject was instructed to change the breathing frequency by the authors successively. Resting respiratory frequency of 9-20 cycles/min in healthy population does not seem to affect cardiac autonomic function so strongly.
There may have been some possible limitations in our study. Our subjects were all female and the age range was very small (i.e., 19 and 20 years old); for this reason, it may not be easy to generalize our results to a general population including males or the aged. Also, we had no data of dynamic pulmonary functions because a spirometer was not employed. Nonetheless, the validity of the HRV and expired gas analyzer used in this study was confirmed previously (11, 18, 21, 30) and these data seemed to pre- O 2 ) and two heart rate variability parameters (CV RR and CCV HF , reflecting cardiac autonomic and parasympathetic activities, respectively) in 66 Japanese women. r and P represent a Pearson product-moment correlation coefficient and probability.
